Trichomes are the first cell type to be differentiated during the morphogenesis of leaf epidermis and serve as an ideal model to study cellular differentiation. Many genes involved in the patterning and differentiation of trichome cells have been studied over the past decades, and the majority of these genes encode transcription factors that specifically regulate epidermal cell development. However, the upstream regulators of these genes that link early leaf morphogenesis with cell type differentiation are less studied. The TCP proteins are the plant-specific transcription factors involved in regulating diverse aspects of plant development including lateral organ morphogenesis by modulating cell proliferation and differentiation. Here, we show that the miR319-regulated class II TCP proteins, notably TCP4, suppress trichome branching in Arabidopsis leaves and inflorescence stem by direct transcriptional activation of GLABROUS INFLORESCENCE STEMS (GIS), a known negative regulator of trichome branching. The trichome branch number is increased in plants with reduced TCP activity and decreased in the gain-of-function lines of TCP4. Biochemical analyses show that TCP4 binds to the upstream regulatory region of GIS and activates its expression. Detailed genetic analyses show that GIS and TCP4 work in same pathway and GIS function is required for TCP4-mediated regulation of trichome differentiation. Taken together, these results identify a role for the class II TCP genes in trichome differentiation, thus providing a connection between organ morphogenesis and cellular differentiation.
INTRODUCTION
Trichomes in plants serve as an ideal model to study differentiation at the single cell level as they are large, unicellular, easily accessible structures that are dispensable to plant survival (Hulskamp, 2004) . Genetic factors that regulate trichome initiation, spacing and cellular differentiation have been isolated and characterized mostly in the model plant Arabidopsis thaliana (Arabidopsis) using a combination of genetic interaction studies of their mutants and by biochemical analysis of their protein products (Hulskamp, 2004; Pattanaik et al., 2014) . Post initiation, Arabidopsis trichome cells undergo rounds of endoreduplication to produce branched trichomes. The branch number on wild type leaves varies from two to four with most trichomes being three-branched, while that on stem surface usually ranges from one to two (Gan et al., 2006; Yang and Ye, 2013) . Trichome branching is controlled by many proteins involved in endoreduplication. KAKTUS (KAK), a putative E3 ubiquitin ligase (El Refy et al., 2003) negatively regulates endoreduplication and hence trichome branching by promoting the degradation of the related bHLH transcription factors GLABRA3 (GL3) and ENHANCER of GL3 (EGL3) (Patra et al., 2013) . REGULATORY PARTICLE AAA-ATPASE 2a (RPT2a), a component of 26S proteasome also controls trichome branching by negatively regulating the endoreduplication level (Sako et al., 2010) . The rpt2a gl3 double mutant rescues the rpt2a phenotype to wild type level, suggesting that functional GL3 is required for the extra round of endoreduplication in the rpt2a mutant (Sako et al., 2010) . TRIPTYCHON (TRY) encodes a small MYB protein that exemplifies another genetic factor that suppresses endoreduplication-mediated trichome branching (Schellmann et al., 2002) . Apart from these proteins, gibberellic acid (GA) and its signaling also control trichome branching by affecting endoreduplication. In the ga1-3 mutant where GA biosynthesis is impaired, trichome branching is reduced in addition to a decrease in trichome number (Chien and Sussex, 1996; Perazza et al., 1998) . Conversely, in the loss of function of the SPINDLY (SPY) protein, a negative regulator of GA signaling, endoreduplication is increased with a concomitant increase in trichome branch number (Perazza et al., 1998 (Perazza et al., , 1999 .
There are several other genes such as STICHEL (STI), BRANCHLESS TRICHOME (BLT), and GLABROUS INFLOR-ESCENCE STEMS (GIS) that regulate trichome branching independent of endoreduplication. STI encodes a protein with sequence similarity to the DNA polymerase III c subunit (Ilgenfritz et al., 2003) . Strong sti mutants produce a 100% unbranched trichomes while the weaker alleles show a few trichomes with two branches (Hulskamp et al., 1994) . BLT encodes a protein with a coiled-coiled domain and its loss of function also results in all unbranched trichomes (Marks et al., 2009; Kasili et al., 2011) . Genetic interaction analysis and protein-protein interaction studies show that STI and BLT act together in the same pathway to promotes trichome branching. In contrast with the role of STI and BLT, the C 2 H 2 Zn-finger transcription factor GIS suppresses the branching of trichomes (Gan et al., 2006; An et al., 2012) , in addition to promoting its density. Consequently, GIS loss-of-function mutants show increased trichome branching on the leaves and stems and decreased trichome density on the stems. Genetic interaction studies between gis and sti mutants predicts GIS as a downstream target of STI , even though its molecular basis is unclear. Besides, genetic and molecular studies also show that GIS acts upstream to the trichome initiator complex (Hulskamp, 2004) and downstream to GA signaling in regulating trichome development on inflorescence organs (Gan et al., 2006; An et al., 2012) . The role of other GIS-like genes such as GIS2, 3 and ZFP5, 6, and 8 has also been shown in trichome initiation (Gan et al., 2007; Zhou et al., 2012 Zhou et al., , 2013 Sun et al., 2015) , but unlike for GIS, their role in trichome branching on leaves is not known.
While the genetic factors that regulate the development of trichome cells are known in detail, their upstream regulators that link early leaf morphogenesis with cell type differentiation are less studied. The TEOSINTE BRANCHED 1, CYCLOIDEA, PROLIFERATING CELL FACTORS (TCP) class of transcription factors are regulators of diverse developmental processes including flower/organ symmetry, stem branching and leaf/petal morphogenesis (Nicolas and Cubas, 2015) . Among the 24 TCP factors encoded by the Arabidopsis genome, five class II TCP proteins are targeted by miR319 and regulate leaf/petal morphogenesis (Palatnik et al., 2003; Nag et al., 2009) . Their simultaneous downregulation by the overexpression of miR319 in the jaw-D plants causes excess cell proliferation in leaves (Palatnik et al., 2003) . In contrast, gain-of-function in any one of them results in reduced cell proliferation in leaves and petals (Nag et al., 2009; Schommer et al., 2014) , and in increased differentiation of epidermal pavement cells in hypocotyl (Challa et al., 2016) and cotyledon (Sarvepalli and Nath, 2011) . However, their effect on other cell types such as trichomes has not been studied in detail (Efroni et al., 2013) . There are some reports on the involvement of class I TCP proteins (TCP14, 15) in trichome development on sepals of Arabidopsis and cotton (Steiner et al., 2012; Wang et al., 2013) . Further, a recombinant, repressor form of TCP15 is capable of increasing trichome branch number by promoting endoreduplication (Li et al., 2012) .
Here, we show that the class II TCP genes, notably TCP4, suppress trichome branching by direct transcriptional activation of GIS in Arabidopsis leaves and inflorescence stem, thus providing a connection between organ morphogenesis and cellular differentiation.
RESULTS

The miR319-targeted class II TCP genes suppress trichome branching
Although it has been demonstrated that the class II TCP transcription factors accelerate the differentiation of the pavement cells by promoting their expansion, their role in the differentiation of the other two cell types is not known. To determine whether the class II TCP activity is required for trichome branching, we compared the branch number of the Col-0 trichomes with that of TCP loss-of-function mutants such as jaw-D, a dominant mutant where the transcripts of five class II TCP genes (TCP2, 3, 4, 10, 24) are down-regulated due to the overexpression of miR319 (Palatnik et al., 2003) , and tcp2;4;10, the recessive triple mutant where these three genes are knocked out due to T-DNA insertions (Karidas et al., 2015) . The adaxial trichome population of the mature first leaf pair in Col-0 consisted of Approximately 75% three-branched and the remainder two-branched trichomes (Figure 1(a,b) ). The proportion of the three-branched trichomes in jaw-D and tcp2;4;10 leaves increased to Approximately 90% and that of two-branched trichomes reduced to Approximately 10% (Figure 1(b) ). We detected a small fraction (1%) of four-branched trichomes in these mutant leaves (Figure 1(a,b) ) which was never found in Col-0. When the frequency distribution of trichome branches was expressed as a branching index, a parameter measured as the weighted average of branches per trichome (see Experimental Procedures), its values for jaw-D and tcp2;4;10 leaves was significantly higher than the Col-0 value (Figure 1(c) ). Increased trichome branching was also observed on the surface of other organs such as the eighth rosette leaf of jaw-D (Figure 2(c) ) and on the first internode of the main inflorescence stem in tcp2;4;10 (Figure 2(e) ).
To examine whether TCP activity is sufficient to suppress trichome branching, we analyzed trichome branch number in four gain-of-function lines of TCP4, namely TCP4::TCP4:VP16 where the TCP4 protein is made hyper-active by fusing it to the strong transactivation domain of the viral protein 16 in its endogenous domain (Sarvepalli and Nath, 2011) , BLS::rTCP4:GFP where a miR319-resistant form of TCP4 is fused to GFP and expressed under the BLS promoter that is active in the leaf primordium (Efroni et al., 2008) , and TCP4::mTCP4:GR and jaw-D;TCP4::mTCP4:GR where a miR319-resistant form of TCP4 fused to the glucocorticoid receptor (GR) is expressed under endogenous TCP4 promoter in the Col-0 and jaw-D backgrounds, respectively. In the latter two lines, the dominant TCP4-GR protein can be activated by external application of the glucocorticoid analogue, dexamethasone (Aoyama et al., 1995) . The branching indices of the TCP4::TCP4:VP16 and BLS::rTCP4:GFP trichomes on the first leaf pair were significantly lower than the Col-0 value (Figures 2a,b) . While the proportion of Col-0 two-branched trichomes was Approximately 25%, the corresponding values for the TCP4::TCP4: VP16 and BLS::rTCP4:GFP trichomes increased to Approximately 80% and Approximately 70% respectively, at the cost of the three-branched trichomes (Figures 2(a) and S1 ). In addition, TCP4::TCP4:VP16 activity also decreased the branching index of the trichomes on the eighth leaf and the first stem internode (Figure 2(c,e) ). When TCP4 activity was induced by dexamethasone application, the branching index reduced to Approximately 2.3 in the jaw-D;TCP4:: mTCP4:GR and the TCP4::mTCP4:GR trichomes from the un-induced value of Approximately 2.8 (Figure 2 Taken together, these results identify an active suppression mechanism of branch number during trichome differentiation that is mediated by the dose-dependent activity of the class II TCP proteins.
TCP4 activates GIS transcription
TCP4 regulates plant growth and development by activating the transcription of several target genes (Schommer et al., 2008; Rodriguez et al., 2014; Challa et al., 2016) . To identify the downstream gene(s) that mediate the TCP4-induced inhibition of trichome branching, we analyzed the datasets of an earlier microarray experiment that was carried out before/after TCP4 induction in the jaw-D;TCP4:: mTCP4:GR seedlings (Challa et al., 2016) for the presence of differentially expressed transcripts known to regulate trichome differentiation ( Figure 3(a) ; Hulskamp, 2004; Marks et al., 2009 ). Out of the 25 genes detected (Table S1 ), the level of GIS, a gene that inhibits trichome branching (Gan et al., 2006) , was more than two-fold up-regulated after 2 and 4 h of TCP4 induction (Figure 3(a,b) ). RT-qPCR analysis on the RNA samples isolated from 9-day-old jaw-D; TCP4::mTCP4:GR seedlings at different time points of TCP4 induction also validated this observation (Figure 3(b) ). Analysis of the Genevestigator database (https://genevesti gator.com/gv/), however, failed to identify GIS as a differentially expressed transcript in the earlier microarray experiments carried out on mutant/transgenic lines with reduced/elevated level of class II TCP activity ( Figure S2 ), possibly since those experiments were performed on stable lines. We, therefore, carried out RT-qPCR analysis of nine genes known to regulate trichome branching via diverse cellular pathways (Perazza et al., 1999; Walker et al., 2000; Schellmann et al., 2002; Downes et al., 2003; Ilgenfritz et al., 2003; Gan et al., 2006; Jakoby et al., 2008;  Marks et al., 2009; Sonoda et al., 2009) , and found that only GIS transcript was induced (Approximately 8-fold) in 9-day old jaw-D;TCP4::mTCP4:GR seedlings upon continuous TCP4 induction (Figure 3(c) ). Gain-of-function of TCP4 in the TCP4::TCP4:VP16 and BLS::rTCP4:GFP seedlings also induced GIS level over the Col-0 control (Figure 3(d) ). Conversely, loss of class II TCP activity in the jaw-D and tcp2;4;10 seedlings reduced GIS expression (Figure 3(d) ), suggesting that miR319-regulated TCP genes are both required and sufficient to activate GIS transcription.
GIS is a direct target of TCP4
The GIS transcript level increased as early as 2 h after dexamethasone treatment in the jaw-D;TCP4::mTCP4:GR seedlings (Figure 3(a,b) ). The TCP4 and GIS transcripts are co-expressed in diverse tissue types including rosette leaves and shoot (Figure 4(a) ), raising the possibility that GIS is a direct target of TCP4. Further, TCP4 induction by dexamethasone specifically activated the transcription of GIS, along with its known direct target LOX2 but not of PACLOBUTRAZOL RESISTANT 1 (PRE1) which is its known indirect target (Lee et al., 2006; Challa et al., 2016) , even in the presence of cycloheximide, a eukaryotic protein synthesis inhibitor (Schneider-Poetsch et al., 2010) , in jaw-D;pTCP4:mTCP4:GR seedlings (Figure 4(b) ). These results suggest that TCP4 directly activates GIS transcription, perhaps by binding to the cis-elements present in the GIS locus. Analysis of the GIS genomic region identified three DNA sequence elements, named here as binding sites 1 to 3 (BS1-BS3), that include the predicted TCP4 core binding site TGGNCC (Schommer et al., 2008) ; one in the upstream regulatory region and the remaining two within the coding region (Figure 4(c) ). Electrophoretic mobility shift assay experiments revealed that recombinant TCP4 protein retarded the mobility of 32 P-labeled synthetic oligonucleotides that corresponded to BS1, but not to BS2 and BS3 (Figure 4(d) ). Addition of increasing amount of unlabelled oligonucleotide in the binding reaction decreased the intensity of the radioactive protein-DNA complex, suggesting that TCP4 binding to BS1 is specific. Formaldehyde-assisted isolation of regulatory elements (FAIRE; Simon et al., 2012; Nicolas and Cubas, 2015) showed that the chromatin region R2 (Figure 4(c) ) corresponding to the BS1 sequence is more accessible compared with the Mock control as well the other regions in the GIS locus (Figure 4(e) ). Taken together, these results suggest that TCP4 directly activates GIS transcription.
TCP4 requires GIS activity for suppressing trichome branching
Based on the gene expression analysis and biochemical studies discussed above, we hypothesized that TCP4 requires GIS activity to inhibit trichome differentiation in Arabidopsis leaf and stem epidermis. To test this, we estimated the extent of trichome branching in the gain-offunction lines of TCP4 that lacked GIS activity. The gis lossof-function allele showed moderately higher branching index of the trichomes on the first leaf pair and nearly three-fold higher branching index on the first internode compared to the Col-0 control ( Figure 5(a,b) ), consistent with the earlier observation that GIS suppresses trichome branching (Gan et al., 2006; An et al., 2012) . Even though TCP4:VP16 activity significantly reduced the Col-0 branching index of the trichomes on leaf (Figures 2(a-c) and 5(a)) and stem surface (Figures 2(e) and 5(b)), it failed to do so in the absence of GIS in the TCP4:VP16;gis line, suggesting that TCP4 requires GIS activity for inhibiting trichome branching. Dependence of TCP4 on GIS activity in branching inhibition was also observed in the jaw-D;TCP4:: mTCP4:GR line; while TCP4 induction reduced trichome branching on the first pair of leaves, no change in the branching index was observed upon TCP4 induction in the absence of functional GIS (Figure 5(c) ). These results provide genetic evidence to show that GIS and TCP4 function in the same pathway to inhibit trichome branching. GIS belongs to the regulatory pathway that inhibits trichome branching independent of endoreduplication . Besides, transcript level of KAK, TRY and RPT2A -genes that repress trichome branching by reducing nuclear ploidy (Perazza et al., 1999; Schellmann et al., 2002; Sako et al., 2010) -did not change upon TCP4 induction (Figure 3(c) ). To examine whether the TCP genes control trichome differentiation by modulating endoreduplication, in addition to activating GIS, we compared the ploidy levels of nuclei isolated from plants with reduced/elevated TCP activity. The relative ploidy levels in Col-0, jaw-D and TCP4:VP16 seedlings remained by and large unaltered (Figure 5(d) ), suggesting that TCP4 inhibits trichome branching independent of endoreduplication, and specifically through GIS.
Trichome branching is increased in the spy mutant as well and a genetic interaction study demonstrated that SPY acts downstream to GIS in suppressing trichome differentiation in leaves . The level of SPY transcript, however, remained unaltered when TCP4 was induced in the jaw-D;TCP4::mTCP4:GR line (Figure 3(c) ). To examine whether SPY is required to inhibit TCP-mediated trichome branching, we analyzed the branch number of jaw-D;TCP4::mTCP4:GR trichomes upon TCP4 induction in the absence of SPY function. The branching index of jaw-D;TCP4::mTCP4:GR and jaw-D;TCP4::mTCP4:GR;spy-3 trichomes on the leaf surface were comparable (Figure 6(a) ), suggesting that TCP4 and SPY act in the same pathway to suppress trichome differentiation. Consequently, while TCP4 induction reduced trichome branching index in the jaw-D;TCP4::mTCP4:GR leaves, it failed to do so in the jaw-D;TCP4::mTCP4:GR;spy-3 plants (Figure 6(a) ), suggesting that TCP4 requires SPY function to reduce trichome branching.
TRY is yet another major suppressor of trichome branching in leaf and the try mutant shows hyper-branched trichomes apart from a defect in trichome spacing (Hulskamp et al., 1994) . To determine the genetic relationship between TCP and TRY, we generated a jaw-D;TCP4::mTCP4:GR;try line and compared its trichome phenotype with and without TCP4 induction. In agreement with their role in suppressing trichome branching, both jaw-D;TCP4::mTCP4:GR trichomes without dexamethasone induction and try trichomes showed higher branching index compared to wild type control (Figures 1(c) and 6(b) ). The jaw-D;TCP4::mTCP4:GR;try mutant trichomes under non-inductive conditions showed branching index higher than both the parental values, suggesting that these two genes function independently. TCP4 induction reduced the branching index both in jaw-D;TCP4:: mTCP4:GR and in jaw-D;TCP4::mTCP4:GR;try trichomes, further demonstrating that TCP and TRY act in parallel pathways.
DISCUSSION
Studies on the class II TCP genes have implicated their role in the pavement cell differentiation (Efroni et al., 2008; Sarojam et al., 2010; Sarvepalli and Nath, 2011) . Whether this class of genes is also involved in growth and development of other epidermal cell types such as trichomes and stomata is not known. Here, we show that the miR319-regulated TCP genes act as negative regulators of trichome cell branching. In the loss-of-function tcp mutants such as jaw-D and tcp2;4;10, trichome branching is increased compared with Col-0. However, the extent of increase in branch number in these mutants is milder than what is observed in other trichome-branching mutants such as try and kak (Hulskamp et al., 1994; Perazza et al., 1999) , possibly because of high degree of functional redundancy among the five TCP homologues. Additional support for the role of these TCP genes in trichome differentiation came from the analysis of the gain-of-function lines of TCP4. Strong reduction in trichome branching was observed in TCP4: VP16, pBLS:rTCP4:GFP and TCP4-induced jaw-D;TCP4:: mTCP4:GR lines. An increased transactivation of the TCP4 protein in the TCP4:VP16 line as well as an increased amount of TCP4 protein in the dexamethasone (DEX)-induced jaw-D;TCP4::mTCP4:GR line resulted in increased GIS transcript, leading to a strong trichome phenotype. This finding suggests that the endogenous expression of the five miR319-regulated TCP genes (Koyama et al., 2007; Alvarez et al., 2016; Kubota et al., 2017) in young leaves activates GIS expression required for normal branching.
The class II TCP proteins inhibit trichome differentiation independent of endoreduplication
Studies on various trichome mutants have shown that a change in the endoreduplication status alters the trichome branching phenotype. Mutants with increased or decreased endoreduplication show enhanced or reduced branching, respectively (Hulskamp, 2004) . However, there are a few mutants such as STI, NOK, BLT and GIS wherein endoreduplication has been uncoupled from trichome branching (Folkers et al., 1997; Ilgenfritz et al., 2003; Kasili et al., 2011; An et al., 2012) . The activation of GIS by the TCP proteins suggests their role in endoreduplication-independent suppression of trichome differentiation. Consequently, we did not observe any change in the level of endoreduplication in the jaw-D and TCP4::VP16 seedlings ( Figure 5(d) ). Besides, induction of TCP4 in the jaw-D;TCP4::mTCP4:GR line failed to activate TRY, KAK, RPT2A and SPY -genes involved in endoreduplication-mediated trichome branching (Figure 3(b) ). The class II proteins primarily promote cell differentiation (Efroni et al., 2008) , whereas the class I TCP genes are implicated primarily in cell proliferation (Li et al., 2005; Nicolas and Cubas, 2016) . However, there are limited studies on the role of TCP genes in endoreduplication. Recent reports show that the TCP4 protein directly activates KRP1 (Schommer et al., 2014) , a gene known to promote endoreduplication in plants and animals (Wang et al., 1997 (Wang et al., , 1998 . However, we did not observe any significant change in endoreduplication status either in the jaw-D or in the TCP4:VP16 lines compared with Col-0. It is possible that the TCP factors influence enreduplication beyond a certain threshold.
TCPs are upstream regulators of trichome differentiation
Genetic and gene expression analysis of GIS with genes involved in the trichome initiation complex have shown that GIS acts upstream to GL1 and GL3 (Gan et al., 2006) . Our genetic analysis of gis with TCP4:VP16 line shows that GIS is epistatic to TCP4 both in leaves and stem, suggesting that TCPs are upstream regulators of trichome differentiation. Consistent with this, both TCPs (Danisman et al., 2013) and GIS are expressed from early stages of leaf development ( Figure S3 ). 
Contrasting effect of TCP genes on pavement cell and trichome cell differentiation
It has been reported previously that the pavement cell differentiation is reduced in the TCP loss-of-function mutants and enhanced in the TCP gain-of-function lines (Efroni et al., 2008; Sarvepalli and Nath, 2011) . In this study, we have shown that in TCP loss-of-function mutants such as jaw-D, and tcp2;4;10 the trichome cell branching is increased and in the gain-of-function lines such as TCP4: VP16 and TCP4-inducd jaw-D;TCP4::mTCP4:GR, the trichome cell branching is decreased. Considering trichome branching as a marker of cell differentiation (Hulskamp, 2004) , these TCP genes appear to have opposite effects on the differentiation of the pavement cells and the trichome cells.
Such contrasting effect on pavement cell differentiation and trichome cell differentiation was also observed in other mutants such as tarani (tni) (Karidas et al., 2015) and dek1-4 (Galletti et al., 2015) . One possible reason for this contrasting effect of some of the genes on the pavement cell and the trichome cell differentiation could be that, increased trichome branching confers protective advantage against the biotic and abiotic stress to the plant as the pavement cells are in naive undifferentiated condition.
EXPERIMENTAL PROCEDURES Growth conditions and plant materials
All the transgenic and mutant lines are in Col-0 accession. Seeds were surface sterilized with 0.05% sodium dodecyl sulfate (SDS) dissolved in 70% ethanol for 10 min, washed two-three times with 100% ethanol, air dried and sown on 19 Murashige Skoog (MS) medium (Himedia, India) plates. For DEX experiments, 25 mM DEX stock was prepared in 100% ethanol and a final concentration of 12 lM DEX was added to MS medium and 100% ethanol was used as a Mock control. Seeds were first stratified for 3 days in dark at 4°C and then shifted to growth chamber (22-23°C, 16 h/8 h light/ dark cycle regime) for germination. After 12-14 days of post-germination, seeds were transplanted to soil and kept under the same growth conditions (22-23°C, 16/8 h light/dark cycle regime) until seeds were collected.
The jaw-D, pTCP4:TCP4:VP16, pTCP4:mTCP4:GR, 35S:mTCP:GR lines were previously reported (Palatnik et al., 2003; Sarvepalli and Nath, 2011; Challa et al., 2016) . The mutant lines spy-3 (CS6268) and try were obtained from the Arabidopsis Stock Centre (http://arabidopsis.org/) and the insertions were confirmed by PCR using gene and T-DNA specific primers. The gis GABI_KAT line (N440592) was obtained from the Nottingham Arabidopsis Stock Centre (NASC) and insertion was confirmed by PCR using T-DNA insertion-specific primers. The combinations of TCP4:VP16;gis, jaw-D;pTCP4:mTCP4:GR;gis, jaw-D;pTCP4:mTCP4:GR;spy-3, jaw-D; pTCP4:mTCP4:GR;try double mutant lines were generated by crossing the respective parents and genotyped and selected in the F3 or the F4 generation.
Trichome counting, trichome branching index and trichome density
Trichome counting was performed always on the adaxial side of the 1st pair of leaves, 8th leaf, or 1st internode on the main inflorescence stems under light microscope. For determining the frequency of trichome branching, mature adaxial trichomes were observed under light microscope (Wild Heerbrugg M3Z, Heerbrugg, Switzerland), number of branches was noted and the frequency was expressed as a percentage of the total number of trichomes. Branching index was calculated using the formula mentioned below: (Efroni et al., 2008) , than the Col-0 cells, suggesting that TCP proteins promote pavement cell differentiation. We here show that the differentiation of trichome cells is rather inhibited by TCP activity, the jaw-D trichomes produce more trichomes that Col-0. We propose that TCP regulates trichome branch number by directly modulating the transcriptional activity of the GIS locus. Decreased thickness of the arrows on the right indicates lower GIS level. [Colour figure can be viewed at wileyonlinelibrary.com]
DEX-induction experiment
For continuous DEX induction, 12-day-old seedlings grown on 12 lM DEX containing MS plates were transplanted to DEX or ethanol-treated soil and a solution containing DEX (12 lM) or ethanol was sprayed on plants on alternate days until the experiment was complete. For cyclohexamide (CHX) treatment, 9-day-old jaw-D;pTCP4:mTCP4:GR seedlings and pTCP4:mTCP4:GR seedlings were treated with either 40 lM CHX alone or combination of CHX (40 lM) and DEX (20 lM) for 4 h.
Microscopy
For scanning electron microscopy (SEM), samples were prepared by 'moulding' using dental wax (PRESIDENT, Coltene, Switzerland) as mentioned earlier (Weigel and Glazebrook, 2002) . Moulds of the tissue were taken and filled with Araldite mixture (Huntsman Advanced Materials Pvt. Ltd, New Delhi, India) to get the cast. These were then gold-coated using sputter-coater (Jeol, Freising, Germany) and SEM pictures were taken using ESEM Quanta 200, FEI (USA).
DNA isolation
For DNA extraction, Approximately 100 mg of plant leaves were collected and standard cetyl trimethylammonium bromide (CTAB) method was used for isolating genomic DNA (Murray and Thompson, 1980) . For genotyping mutant lines, gene-specific and insertion-specific primers were used on genomic DNA isolated from the corresponding mutants.
RNA isolation and cDNA synthesis
Total RNA was isolated from plant samples by Trizol method (Sigma, Mendota Heights, MI, USA), treated with DNase (Fermentas, Waltham, MN, USA) for 2 h and RNA was precipitated for further use. RNA concentration was estimated using NanoDrop spectrophotometer (ND 1000 Spectrophotometer, Rockland, ME, USA) and 2 lg of RNA were converted to cDNA using Revert Aid M-MuLV reverse transcriptase (Fermentas, USA) according to the manufacturer's instructions. PCR reactions were performed in 20 ll total volume with the synthesized cDNA as templates in the presence of required primer combinations. PCR products after 30-33 cycles were visualized on an ethidium bromide-stained 1% agarose gel.
Quantitative reverse transcriptase-PCR (RT-qPCR) analysis
25 ng of cDNA was used for all quantification studies. RT-qPCR was performed using SYBER Green RT-qPCR kit (KAPA SYBR FAST qPCR Kits, Kapa biosystems, USA) in a 10-lL reaction volume according to manufacturer's protocol. Data analysis was performed using ABI Prism 7900HT SDS software (Applied Biosystems, Foster City, CA, USA). Expression of TUBULIN2 (TUB2) or PROTEIN PHOSPHATASE 2A (PP2A) was used for normalization. Primers used for RT-qPCR analysis was mentioned in Table S2 .
Electrophoretic mobility shift assay (EMSA)
The hexa-His-TCP4 fusion protein used for EMSA in this study was expressed from the vector pRSET-C-TCP4. Oligonucleotides were end-labeled with [c-32 P]-ATP using T4 polynucleotide kinase (Thermo Fisher Scientific, USA). The DNA-protein binding reaction was performed in 15 ll reaction volume containing oligonuclotide probe, 19 binding buffer (20 mM HEPES-KOH at pH 7.8, 100 mM KCl, 1 mM EDTA, 0.1% BSA, 10 ng herring sperm DNA and 10% glycerol) and Approximately 2 lg of crude bacterial lysate with recombinant protein. Binding reaction mixture was incubated for 30 min at room temperature and loaded on 9% native polyacrylamide gel. Electrophoresis was conducted at 4 V/cm for 1 h in 0.59 TBE buffer at room temperature. The gel was auto-radiographed using phosphor-image cassette for 4-6 h and analyzed using a phosphor-imager (Fuji Photo Film Co., Tokyo, Japan). The sequences of the probes used for EMSA are given in Table S3 .
Flow cytometry
The ploidy level was measured in 12-day-old seedlings after removing the hypocotyl and roots of Col-0, jaw-D, and TCP4:VP16 lines. Samples for flow cytometry were prepared as mentioned earlier (Galbraith et al., 1983) . In short, plant tissue was placed in an ice-cold Galbraith's buffer (45 mM MgCl 2 , 30 mM sodium citrate, 20 mM 4-morpholinepropane sulfonate, and 1% Triton X-100, pH 7.0), and chopped with fresh razor blade for 2-3 min. The homogenate was filtered to remove large debris with 22-25 lM miracloth. The filtered homogenate was treated with 10 ll/ml RNase A (1 mg/ml stock) for 20-30 min before staining. Then the nuclear DNA was stained with 50 ll/ml of propidium iodide (1 mg/ ml stock) for a final concentration of 50 lg/ml and then placed in dark at 4°C for 30 min before analysis in a BD FACS Canto (USA) flow cytometer.
Formaldehyde-assisted isolation of regulatory elements (FAIRE) FAIRE protocol was followed as mentioned in the (Omidbakhshfard et al., 2014) with slight modifications. In short, 2 g of 14-dayold 35S::mTCP4:GR lines were treated with Mock and DEX (20 lM) solution for 4 h and cross-linked with formaldehyde. The regulatory elements were isolated as mentioned (Omidbakhshfard et al., 2014) . TA3 was used as internal control. List of all the primers used in this experiment are given in the Table S4 .
ACCESSION NUMBERS
The accession numbers of major genes involved in this study are TCP4 (AT3G15030), GIS (AT3G58070), miR319/ JAW (AT4G23713), SPY (AT3G11540), TRY (AT5G53200).
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